The ultrastructure of the Ca-depleted myocardial sarcolemma (via Ca-free and Ca-free plus EGTA perfusion at 28°C and 37°C) was studied in the vascularly perfused interventricular septum of the rabbit. Thin-section and freeze-fracture electron microscopy was used. Two major structural defects in the sarcolemma were found. (1) Ninety percent of the Ca-depleted cells have between 30 and 40% of their glycocalyx separated from the bilayer. With tannic acid staining, the separation is seen to occur between the external lamina and the surface coat.
THE NORMAL intact sarcolemma protects the myocardial cell from the steep Ca gradient that exists between the extracellular and intracellular components. Damage to the sarcolemma prevents regulation of the selective permeability of Ca resulting in an increased influx of Ca into the cytosol. Removal of a specific component of the membrane, such as sialic acid, has been shown to dramatically increase the influx of Ca into myocardial cells grown in culture (Langer et al., 1976) . One of the most intriguing ways to alter the sarcolemmal permeability to Ca is to Cadeplete the membrane. This is the basis for the "Ca paradox" first described by Zimmerman et al. (1967) , where after exposure of the heart to Ca-free perfusion, reperfusion with Ca-containing medium results in tissue disruption with marked contracture and release of intracellular enzymes. Thomas (1960) was the first to demonstrate that after exposure of cells to EDTA their intracellular Ca content increased. Winegrad (1971) extended this study by demonstrating that exposing frog and rabbit hearts to Ca chelators such as EDTA increased cellular permeability to Ca and small ions-in essence, producing a "chemically" skinned myocardial cell. Despite the numerous studies that indicate that Ca is an essential component of the sarcolemma necessary for the regulation of its permeability, the structural basis of myocardial cell membrane injury with Ca depletion is still not clear. There are many studies that describe intracellular structural changes after the "Ca Paradox" (Zimmerman et al., 1967; Yates and Dhalla, 1975; Hearse et al., 1978; Ashraf, 1979; Singal et al., 1979) but studies that focus on structural alterations of the sarcolemma as the primary site for Ca depletion damage have been few (Muir, 1967; Frank et al., 1977; Hearse et al., 1978; Ashraf, 1979) .
The present study has two aims: (1) to define more clearly the ultrastructural changes in the sarcolemma of the rabbit myocardium under conditions of Ca depletion alone and after reperfusion and (2) to follow the effects of low temperature and cadmium (Cd) substitution during the Ca-free exposure on the ultrastructure of the sarcolemma. The first part of this study extends our previous work on the glycocalyx by quantifying and examining in more detail the separation of the glycocalyx with the use of thinsection microscopy. In addition, it describes previously unreported changes in the IMPs of the sarcolemma studied with freeze-fracture electron microscopy. Our second aim was to evaluate the structurefunction relationships by determining whether conditions which prevent or decrease the magnitude of the Ca paradox do so by preventing the structural changes that might result from Ca-depletion. In selecting factors which influence the occurrence of the paradox, we were guided by data already recorded in the literature that indicate that myocardial cells exposed to Ca-free solutions at 20°C or below are remarkably resistent to the development of the paradox on Ca repletion (Holland and Olson, 1975; Hearse et al., 1978; Rich and Langer, 1982) and by the recent finding (Rich and Langer, 1982 ) that the addition of 50 ixmol of Cd to Ca-free perfusion is protective as well. Our findings show that the peeling of the glycocalyx and the alterations in the IMPs can be prevented with low temperature and, to a somewhat lesser degree, with the addition of Cd.
Methods
All experiments were performed on isolated, interventricular septa of adult male New Zealand white rabbits (1.5-2.0 kg). The septa were perfused through their arterial supply according to techniques previously described (Frank et al., 1980) . The septal artery was cannulated and perfused at a constant rate (2.2 ml/g per min) by a Harvard pump at 28°C or 37°C and stimulated at 42 beats/min. Developed tension was measured throughout the experiment. The standard perfusate contained (mil): NaCI, 130; NaHCO.i, 12; MgCI 2 , 1.0; NaH 2 PO 4 , 0.435; dextrose, 5.5 and CaCI 2 , 1.5. After equilibrium of the solution with 98% O 2 -2% CO 2 , the pH was 7. 3-7.4. Septa were allowed to equilibrate for 60 minutes with standard perfusate after cannulation. In control and experimental hearts, the perfusate was switched to 2% glutaraldehyde in a 0.2 M Na cacodylate buffer without interruption of the flow to the tissue. Perfusion with the fixative was continued for 20-30 minutes, the muscle cut down, minced into small pieces (<1 mm on a side) and placed in fixative for 1 hour. After fixation, portions of the muscle were treated for routine microscopy and portions for freezefracture electron microscopy (Frank and Langer, 1974; Frank et al., 1980) ; (see below).
Ca-Depletion Experiments
After the 60-minute equilibration period, the septa were perfused with Ca-deficient perfusate or Ca-deficient perfusate containing 5 mM EGTA. Ca-deficient solutions were the same as standard, but the Ca ++ concentration was lower than 12 JUM and, in most cases, less than 5 JUM as measured by atomic absorption spectrometry. The following types of Ca-depletion experiments were performed:
1. Septa were perfused with Ca-deficient solution at 28°C for 30 minutes (two hearts) and 60 minutes (two hearts).
2. Septa were perfused with Ca-deficient solution for 5 minutes at 37°C (two hearts).
3. Septa were perfused with Ca-deficient solution containing 5 min EGTA for 30 minutes at 28°C (two hearts).
4. Septa were perfused for 30 minutes with Ca-deficient solution at 18°C (four hearts). All septa in this series were first exposed to normal Ca-containing (1.5 mM) perfusate at 18°C (maintained by a Peltier device) for 15 minutes. This allowed the muscle to adjust to the lower temperature before switching to Ca-free perfusate.
5. Ca depletion with Cd substitution. In this series of experiments, Ca-free perfusate contained 50 (IM Cd. Hearts (three) were equilibrated and then perfused with Ca-free solution for 30 minutes at 28°C. 6. Ca depletion followed by reperfusion. This series of experiments followed the usual Ca-depletion protocol (28 C C), but after 30 minutes a normal Ca-containing solution was reintroduced for 5 minutes.
Electron Microscopy
All electron microscopic observations were made on a JEOL 100 CX microscope. For calibration, a photograph of a carbon replica cross-grating (2160 lines/mm) was taken for each series of photographs.
Thin-Section Electron Microscopy
Immediately after perfusion and fixation, the septum was removed from the perfusion cannula, immersed in the same fixative, minced into pieces (<1 min), and fixed for an additional hour in either fresh glutaraldehyde (2%) or Karnovsky's (2.5%) or in a combination of Karnovsky's plus 2% tannic acid. Post-fixation was in cacodylate (0.1 M) -buffered osmium tetroxide (1%). The tissue was dehydrated in ethanol and then embedded in Epon 812. Ultra-thin sections were cut with a diamond knife on a Porter-Blum MT-2 ultramicrotome, counterstained with uranyl-acetate and lead citrate.
In order to quantitate the degree of glycocalyx peeling after exposure to Ca-deficient perfusion, thin sections were cut in a cross sectioned plane. The portion of the glycocalyx peeled from the bilayer was quantified as a percentage of the total membrane surrounding each cross-sectional plane of the cell. A total of 89 randomly chosen Ca-depletion cells from seven hearts were quantified. In addition, 20 cells from Ca-depleted hearts at 18°C and 20 cells from Cdsubstituted cells were counted.
Freeze-Fracture Electron Microscopy
Pieces of tissue were processed and frozen for freezefracture electron microscopy as previously described (Frank et al., 1980) . The fracturing and shadowing were done in a Balzer's Freeze Etch Unit 301. Once a vacuum of 5 X 10^' torr was achieved, the specimen table was cooled to -170°C and the frozen specimens placed in the chamber for fracturing. Specimens were fractured with a double replica device at -120°C at a vacuum between 2-4 X 10"' torr. Replication occurred immediately by evaporating carbonplatinum onto the specimens from a standard electron beam gun mounted at a 45° angle while they were stationary. In addition, some specimens from control and Ca-depleted hearts were replicated while being rotated 360° at 60 rpm. The platinum replica was stabilized by deposition of pure carbon from a gun mounted at 90° to the specimen plane.
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The replicas were floated sequentially through 20% household bleach in buffer, full-strength bleach and then two washes in twice-distilled water before being picked up on 300 mesh grids.
Partical Quantification
For Ca-depletion experiments, a minimum of two hearts in each category were examined, a total of 10 hearts, 24 replicas, 67 /im" of membrane. For Ca depletion at 18°C, four hearts, 12 replicas, 24 /urn 2 of membrane were examined. For Ca-depletion + Cd, three hearts, seven replicas, 14 jum 2 membrane were examined.
For control perfused conditions, fewer hearts were examined (three hearts, 18 replicas, 36 ftm 2 of membrane), since the data matched our previously published study on perfused septal freeze-fracture preparation (Frank et al., 1980) . In all but five runs, the experimental and controls were fractured simultaneously in the Balzers to rule out variations from different runs.
Particle densities per /urn" of membrane were determined by projecting and magnifying (final mag. 300,000X) the negative directly on a viewing screen with a Nikon profile projector. An acetate sheet was placed on the viewing screen, and as each particle was counted, it was marked in ink on the sheet overlay. For each 0.25 jum 2 of membrane counted, the acetate sheet with the generated density map was xeroxed for a permanent record and the sheet cleaned and re-used. Only fields (areas measured on the negatives) that appeared flat and parallel to the plane of fracture were examined. Only particles with boundaries that were distinct and that had shadows equal to the diameter of the particle were counted. A complete analysis of particle sizes was not attempted. However, a group of larger particles (a diameter 110 A) were measured and quantified. The diameters were measured at 300,000X, normal to the direction of shadowing, directly off the screen of the Nikon profile projector. Caveolae necks in the membrane were counted in the same manner only from low magnification negatives where areas of membrane > 4 fim 2 were fractured. Statistical analysis of intramembrane particle frequency was done with the use of a general mixed model analysis of variance program (BMDP3V). This enabled us to test differences between treatment means in a nested model in which hearts, and replicas within hearts, are random variants. The error variance is derived from the variability among areas in the same replica. Pairwise t-test between means of Ca-depleted experiments and controls was performed.
Results

Structure of the Ca-Depleted Sarcolemma
Our observations concern both the glycocalyx and the bilayer.
The Glycocalyx
The basic structural defect in the cell surface after perfusion with Ca-depleting solutions is the peeling of the glycocalyx from the bilayer. This structural alteration is clearly seen in Figure 1A . This low magnification electron micrograph gives an overview and it can be seen that portions of each cell in the frame exhibit a lifting of the glycocalyx from the bilayer. This is to be contrasted with the control perfused septum (Fig. IB) . The actual defect in the glycocalyx has been specifically localized to a separation of its 119 layers: the external lamina and the surface coat. This is dramatically seen in a high magnification micrograph where tannic acid had been added to the primary fixative outlining the trilaminar structure of the bilayer, with the attached surface coat and the separated external lamina (Fig. 2 ). As the data in Table 1 indicates, for all conditions of Ca-depletion, the cells had between 30 and 40% of their sarcolemma altered by this type of glycocalyx peeling. This was a consistent finding for the Ca-depleted hearts done at 28°C and 37°C, in that less than 10% of the cells did not show this glycocalyx alteration. Interestingly, the degree of glycocalyx peeling was similar whether or not EGTA was added to the Ca-free solution. However, this type of ultrastructural alteration of the glycocalyx became evident at 28°C only after a minimum of 15 minutes of perfusion with Ca-free perfusate. An increase of temperature to 37°C caused marked peeling (30.8%) of the glycocalyx after only 5 minutes of exposure to the Ca-free perfusate (Fig.  3A , Table 1 ). On the other hand, Ca-free perfusion at 18°C under similar circumstances resulted in <1% of the cells demonstrating any glycocalyx peeling ( Fig.  4 ). This is quite dramatic, since greater than 90% of the cells demonstrated peeling at 28°C and 37°C. From the data in Table 1 , it appears that, once 30-40% of the glycocalyx has separated from the cellular surface, this percentage does not increase with continued exposure to Ca-free solutions, since 60-minute perfusion periods at 28°C did not have significantly more cell surface altered than 30 minutes. However, the only alteration in the glycocalyx we are quantifying is the full-blown separation of the external lamina from the surface coat; varying intermediate degrees of damage may have been present but could not be monitored at the magnifications used for quantification. Thus, our data represents only an end point in the alteration.
A frequent finding in muscles exposed to EGTA perfusate for 30 minutes was what appeared to be a vesiculation of portions of the bilayer under the separated glycocalyx. Figure 5A clearly illustrates this vesiculation and shows an actual gap or break in the bilayer where the vesiculation has occurred. Whereas this type of gap in the bilayer was more prevalent in muscles exposed to EGTA, it did occur in muscles exposed to just Ca-free perfusate for 30 minutes or longer. Figure 5B is a freeze-fracture electron micrograph (E face) from muscle exposed to Ca-free + EGTA perfusate for 30 minutes. Holes in the bilayer are evident here (arrows). Although we did not observe holes in the membrane before 30 minutes exposure to Ca-depleting solutions, the vesiculation of the bilayer under the separated glycocalyx began to occur after just 5 minutes of exposure to Ca-free perfusate, as illustrated in Figure 3B .
Freeze-Fracture Electron Microscopy-Structure of the Bilayer
All freeze-fracture myocardial cells are characterized by two distinct fracture faces, the P face (adjacent to the cytoplasm) and the E face (adjacent to the extracellular space). When the fracture plane remains within the bilayer over several square microns, low magnification electron micrographs give an overview of the topography of the bilayer. It is characterized by the regularly spaced openings of the transverse tubules and by the randomly distributed necks of the caveolae (see Fig. 6A ). At higher magnifications, mem- brane-associated particles or intramembrane particles (IMPs) are found on both faces, but the P face has the higher density of particles at 2300//um 2 P face vs. 332/ /im 2 for the E face (Frank et al., 1980) . When negatives from control cells are magnified on a Nikon Profile projector, a class of IMPs that are large (~110 A) and appear to protrude out from the lipid more than the others can be identified. Quantification of these particles indicated there were 181 ± 30/jum 2 . Ca depletion of the sarcolemma appeared to decrease the total IMP density on the P face of replicas that were unidirectionally shadowed, alter the topography of the fractured membrane, and decrease the density of the 
Each entry is the mean percentage ± SEM of membrane that demonstrated peeling per cell. Numbers in parentheses represent the number of cells quantified. caveolae necks. The decrease in particle density occurs after exposure to Ca-free solutions as well as exposure of the cells to Ca-free plus a EGTA perfusate. Table 2 compares the particle densities from the control septum perfused with 1.5 ITIM Ca and from the septum after various Ca-depletion protocols. The decrease in IMPs is striking in all cases. It is important to point out here that an analysis of variance showed that variability among replicas was not significantly greater than the error variance (P = 0.738). The variance components for hearts was 0. The differences between particle densities in experiments 1-5 listed in Table 2 and in controls were highly significant (P < 0.01). In addition, the very large particles in the Cadepleted hearts were markedly decreased from control value of 181 ± 30/jum 2 to 39 ± 4.1/jum 2 . Figure  7A is the P face from the sarcolemma of a control septum. The particles are very distinct and appear randomly distributed with a density similar to that found in our past studies (Frank et al., 1980) . Figure  7A is to be contrasted with Figure 7B where the P face is from a Ca-depleted sarcolemma. In Ca-free perfusion at 18°C, the IMP density was not significantly different from controls (Fig. 7C ). However, IMP density was significantly different (P < 0.01) from the Ca-depletion experiments performed at 28° and 37°C. In addition, the larger particles had a density similar to that of controls, 181 ± 30//zm 2 vs. 180 ± 30/jitm 2 in the Ca-free sarcolemma at 18°C. Low temperature 122 Circulation Research/Vol. 51, No. 2, August 1982 -FIGUR 3. A :Ihisthin-sectionelectronmicrographisfro m a myocardial septu mth a t w a s perfused for only 5 minutes with a Ca Note extensive removal of the glycocalyx from the cell surface (arrowheads). 25,420 X. B: Portion of a myocardial cell from the same heart as in A (5 minutes exposure to "Ca-free" solution). Note large vesicle formed under the peeled external lamina (arrowheads). 87,700X. then appears to protect the Ca-depleted myocardial cell from peeling of the glycocalyx and from IMPs changes.
After Ca-depletion of the membrane, many of the particles no longer met our criteria for counting, i.e., the particles were less distinct, appeared not to project out of the membrane to the same degree as particles from Ca-perfused cells, and seemed to "melt" away into the lipid background. This seemed to indicate that perhaps particles were not actually lost with Ca depletion but rather altered, so that with unidirectional shadowing, some particles were masked, resulting in the lower density of IMPs. This was assessed by rotary shadowing, where particles of large and small diameter or high and low relief would be shadowed. Since the replicas from all Ca-depleted experiments showed highly significant decreases in IMPs, rotary-shadowed replicas were quantified only from specimens exposed to 5 minutes of 0 Ca perfusion and from specimens exposed to 30 minutes 0 Ca + EGTA. The density of IMPs seen in rotaryshadowed replicas was clearly not significantly different from controls (see Table 2 ). This is striking because these replicas were made from the same hearts that generated the unidirectionally shadowed data, showing in all cases the decrease in particles in the P face.
A striking feature of the EGTA Ca-depleted myocardium is the overall flatness of the sarcolemma topography clearly seen in low magnification micro-graphs. Figure 6A shows the typical plane through a control sarcolemma, where prominent folds are present, especially at the level of the T tubules where the membrane overlies the Z line of the sarcomere unit. Membrane folds have been noted by several labs (Dulhunty and Franzini-Armstrong, 1975; Levin and Page, 1980) and are characteristically seen in either fractured face of striated muscle. In addition to these major folds in the membrane, there are smaller hills and valleys through the plane of the membrane (Fig.  6A ). Indeed, this somewhat puckered surface makes quantitation of particle densities difficult, since very flat areas are not easily found. As Figure 6B shows, however, the Ca-depleted EGTA sarcolemma has a very flat topography and appears as a smooth sheet in contrast to the control membrane. One is also struck by the fewer caveolae necks dispersed in the plane of the membrane in both EGTA-treated and just Ca-free perfused muscles. The rabbit septum has been shown to contain ~4-6 caveolae necks//im 2 (Gabella, 1979; Levin and Page, 1980; Frank et al., 1980) . Quantification of an additional 16 jum 2 of control membrane in this study showed the average number of caveolae necks to be 5.0 ± 0.4/|Um 2 , measured at sarcomere spacings of 1.85-2.0 /xm, in good agreement with past studies. Quantification of caveolae necks in Ca-free + EGTA protocols showed only 2.8 ± 0.37//xm 2 (130 fim 2 measured), and in Cafree perfusion alone there were 2.7 ± 0.9//xm 2 (68 jiim 2 measured) caveolae necks. 
Ca-Depletion with Cd Substitution
When the septa were Ca-depleted with solutions that contained 50 ; UM Cd, some structural protection was seen. Cd has an unhydrated radius very similar to Ca, and it is a potent uncoupler of excitationcontraction (Bers and Langer, 1979; Rich and Langer, 1982) . Glycocalyx separation occurred in less than 1% of the cells exposed to Cd plus Ca-free solutions. IMP changes were not completely prevented, however. 1173 ± 51 IMPs/jUm 2 were found for Cd cells, which was not statistically significant from Ca-free solutions alone. The larger particles were not significantly different at 154 ± 30 IMP/jum 2 from control (181 ± 30). Thus, the presence of 50 JUM Cd in the Ca-free perfusion prevented the glycocalyx peeling, but did not completely prevent the IMP changes.
Ca Depletion with a Reperfusion
On reperfusion with Ca-containing medium, the Ca-depleted hearts showed additional damage to the sarcolemma. Separation of the glycocalyx remained the same as seen with just Ca-depletion alone, but the IMPs on the P face now became aggregated (Fig. 8 ). In addition, gaps or holes were seen frequently in the fracture plane of the membrane. In low magnification freeze-fracture electron micrographs, the sarcolemma of the reperfused muscles was seen to be thrown up into excessive folds as a result of the underlying contracture state of the myofilaments. This is clearly seen in Figure 9 A where the shortened sarcomere spacing (1. 8 fim) is indicated by distances between T tubules. The E face (Fig. 9B) illustrates another characteristic of the sarcolemma from reperfused hearts, namely, many bumps or blebs slightly larger in diameter than the caveolae necks. They have a greater frequency than caveolae and may be the beginning of holes in the sarcolemma bilayer.
Discussion
Our findings establish the presence of two structural defects in the myocardial sarcolemma that result from Ca depletion: (1) 90% of all Ca-depleted cells have between 30 and 40% of their glycocalyx separated from the bilayer, and (2) an apparent decrease in IMPs in the fractured membrane. These findings were present whether Ca depletion was the result of Ca-free perfusion or exposure to the myocardium to the Ca-chelator, EGTA.
Separation of the glycocalyx of the myocardial sarcolemma has been reported by several laboratories (Muir, 1967; Tomlinson et al., 1974; Frank et al., 1977; Hearse et al., 1978) . It was first noted as a separation of the "basement membrane" when little was known about the possible importance of the glycocalyx as a component of the sarcolemma and its possible role in the regulation of Ca permeability (Langer, 1978) . This change in the morphology of the glycocalyx has been described predominantly in studies on the Ca paradox or in studies with isolated adult myocytes exposed to Ca chelators as part of the isolation procedure (Fry et FIGURE 5 . A: This micrograph shows a myocardial cell from a heart that was exposed for 30 minutes to Ca-free perfusate containing 5 HIM EGTA. Under the lifted external lamina, note the vesicles (arrowheads) formed from the disrupted bilayer. Fixatives contained tannic acid. 90,720/.. B: Freeze-fracture electron micrograph from the same muscle as in Figure 4A . This is the E face of the sarcolemma. Note holes in the bilayer (arrowheads). 90,880"/.. a\., 1979) . Our data clearly show that this separation occurs over a significant portion of the cell surface (Table 1, Fig. 1 ). Using tannic acid staining to enhance the membrane components, we were able to confirm clearly our earlier suggestion that the separation of the glycocalyx as it occurs in Ca-depleted myocytes is the result of lifting of the external lamina from the surface coat. This results in a bleb between these components of the glycocalyx (Fig. 2) . This morphological change appears to be dependent on the temperature of the Ca-free perfusion. The same amount of peeling is seen after 5 minutes of Ca-free perfusion at 37°C as after 30 minutes at 28°C. However, after 30 minutes of Ca-free perfusion at 18°C, only 1% of the cells demonstrate separation of the external lamina from the surface coat. This was a surprising finding since it is not obvious to us how low temperature can prevent the effect of glycocalyx separation. We previously suggested that the separation of the external lamina and the surface coat might result from disruption of Ca-carbohydrate bridges as described by Cook and Bugg (1975) . It is not known if this type of structural bridge might be affected by temperature. Because so little is known about the components of the myocardial glycocalyx or how it is structurally related to the bilayer, even speculation would require further experimentation.
Concurrent with these changes in the glycocalyx are the striking alterations in the IMPs on the P face of the membrane. The apparent decrease in total particles on the P face was a statistically significant finding in all Ca-free protocols done at temperatures between 28 and 37°C (P < 0.01). In fact, Ca-depletion for only 5 minutes at 37°C produced the same apparent decrease in IMPs on the P face (see Table 2 ). Particles approximately 110 A were also markedly decreased in numbers. We have chosen the word "apparent" loss of IMPs because the fractured P face (unidirectional shadowing at 45° angle) after Ca depletion had many particles which were indistinct and appeared to fade into the background lipid. These poorly defined structures were not counted. With unidirectional shadowing, particles would not be visualized if they were of low surface relief and thus lie in the shadow of other particles. Since deposition of shadow while rotating the specimen 360° overcomes these problems, one would expect to pick up particles that were masked with conventional shadowing. This appears to be the situation, since rotary-shadowed replicas from Ca-depleted hearts have the same number of IMPs as control hearts ( Table 2 ). The apparent decrease in IMPs is, we feel, indicative not of a loss of IMPs from the membrane but, rather, a change in their orientation and/or configuration such that, with unidirectional shadowing techniques, they are not replicated as distinct particles. It is possible that, with Ca depletion, the particles change their orientation such that they partition differently within the membrane. However, the Ca-depleted E face membranes that were looked at did not show a gain of particles. A study of the ultrastructure of the sarcolemma of enzymatically dissociated cardiac myocytes is of the direct relevance to our findings (Fry et al., 1979) . In one portion of this study, EGTA alone was used to dissociate the myocardial cells. With exposure of the cells to 0.3 M EGTA, the number of IMPs counted on the P face was decreased by 34%. These same cells had glycocalyx separation and progressed into a con- tracture when placed in a Ca-containing medium, indicating their altered permeability.
The significance of this apparent change in the orientation of IMPs stems from the fact that IMPs are thought to be composed of polypeptides and to represent functional protein units of the membrane (Grant and McConnell, 1974; Yu and Branton, 1976) . Alterations of proteins or lipoprotein complexes critical to the regulation of Ca entry might result in an increase in Ca in the cytoplasm. How does the removal of Ca from the sarcolemma give rise to such a change in IMPs?
We can only speculate on this point. It is possible that removal of Ca from the membrane has an indirect effect on membrane proteins by increasing membrane fluidity. The presence of Ca in the membrane is known to decrease the phase transition temperature of lipids while removal of Ca increases the phase transition temperature (Trauble and Eibl, 1974; Gordon et al., 1978) . An increase in fluidity of lipids surrounding some proteins, as a result of Ca depletion might result in their reorientation within the bilayer. It is certainly striking that when hearts were Cadepleted at 18°C, unidirectionally shadowed replicas showed no differences in the number of IMPs as compared to controls (see Table 2 ; Fig. 7C ).
It is difficult to assess the significance of a change in intramembrane particles orientation and the separation of the glycocalyx to the increased permeability to Ca. It is not known whether the peeling of the glycocalyx and the particle changes are related to one another. Until we know more about the relationship of the glycocalyx to the IMPs in the sarcolemma, or the exact type of Ca-protein, Ca-lipid, or Ca lipoprotein complexes in the membrane, we can only speculate on how these structural alterations arise and how they relate to function of the membrane.
Additional Structural Changes with Ca Depletion
Gaps or holes in the bilayer have been reported by several labs after perfusion with Ca-deficient solution followed by reperfusion with normal Ca-containing medium (Hearse et al., 1978; Ashraf, 1979) . They have been a prominent finding in skeletal muscle sarcolemma after the cells' exposure to several hours of EGTA (Eastwood et al., 1979) . We found actual holes only after exposure to Ca-free perfusate for 30 minutes or more. They were more common when the chelator was present. As a result, gaps in the bilayer probably represent a final stage in the loss of membrane integrity. As such, they probably do not play an important role in the altered membrane permeability to Ca which occurs prior to formation of gaps. Vesiculation of the bilayer, probably an intermediate stage in the disruption membrane, could be found as early as 5 minutes after Ca-free exposure at 37°C (Fig.  3B) . Interestingly, we always noted that this change occurred under the peeled external lamina, indicative of a possible relationship of glycocalyx damage to overall membrane integrity.
Additional morphological changes noted were the flattening of the topography of the fractured membrane and a decrease in density of caveolae necks. The lack of characteristic folds seen in the EGTA Cadepleted membrane and, to a lesser extent, in the Cafree cells occurred even though the membrane was not stretched to any great extent. Cross-sections of the cells revealed only slight intracellular swelling, that may have occurred as the permeability of the membrane was altered during the Ca-free period. The surface topography of the sarcolemma may be related to structures on the cytoplasmic side of membrane. Whereas little is known about cytoplasmic peripheral proteins and the cytoskeletal components of cardiac cells, it is possible that Ca plays a role in maintaining their integrity as well (Lazarides, 1980) .
Ca Depletion with Low Temperature or Cadmium Substitution
Our results indicate that the morphological changes in the sarcolemma that occur as a result of Ca-free perfusion, namely, peeling of the glycocalyx and the decrease in the IMPs, can be prevented under hypothermic conditions and partially prevented when 50 JUM Cd is included in Ca-free perfusate. With the use of these parameters, Rich and Langer (1982) were able to protect the myocardium from manifestations of the Ca paradox. While we cannot equate structural-functional relationships as cause and effect, certain correlations between the morphological changes we re- •-V*/- FIGURE 7 . A: Freeze-fracture electron micrograph (P face) of the sarcolemma from a control myocardial cell. Note numerous intramembrane particles and openings of caveolae necks. 110,160 X.. B: This is P face of a sarcolemma from a my ocardial cell exposed to Ca-free pcrfusate. Compared to Figure 7A , the intramembrane particles are less frequent, and some appear to fade into background matrix. 1OS.S60X. C: Frecze-fracture electron micrograph of P face of a myocardial cell that had been exposed for 30 minutes to Ca-frec perfusate at 18°C. IMP density is similar to control sec in Figure 7A . 108.860X. port and the functional parameters monitored by Rich and Langer (1982) on the Ca paradox are striking. It was first suggested by Holland and Olson (1975) that hypothermia might prevent changes in membrane integral proteins involved in Ca transport. Our data suggest that the IMPs are changed with Ca-depletion. The decrease in their density is prevented under hypothermic conditions (Table 2, Fig. 7C ). In addition, the large IMPs which were decreased in number by 78% after Ca-free perfusion at 28°C were essentially FIGURE 8. Freeze-fracture electron micrograph of the P face of the sarcolemma of a Ca-depleted (30 min, 28 °C) myocardial cell which was reperfused for 5 minutes with normal Ca containing (1.5 mM) perfusate. The aggregation of the IMPs is clearly seen (arrows). 100,700 X. unperturbed with Ca-free perfusion at 18°C The other striking finding with hypothermia is the protection it affords to the glycocalyx (Fig. 4) .
The effect of Cd substitution on the morphology of the sarcolemma is not as straightforward, and points to the complexities inherent in studies of the Ca paradox. Rich and Langer (1982) have demonstrated that 50 jiiM of Cd present during the Ca-free perfusion period significantly reduced the amount of CPK released and the potassium lost by the myocardium on return to Ca-containing solution. However, reperfusion did produce some contracture (18% above control), although less than occurred when Cd was not present. In contrast, however, under hypothermic conditions contracture did not result if reperfusion with Ca occurred at 37°C (Hearse et al., 1978; Rich and Langer, 1982) . In the Cd-substituted muscles, the development of some contracture is suggestive of some increase in sarcolemmal Ca permeability.
The structural data show that Cd substitution can replace Ca in maintaining interlaminar cohesiveness. Less than 1% of the myocardial cells had a separated glycocalyx after 30 minutes of Ca-free plus 50 JUM Cd solutions. The total number of IMPs was still significantly decreased after Cd substitution ( Table 2) . However, particles that were approximately 110 A were found to decrease by less than 14% with Ca-free perfusion plus Cd.
The fact that both changes in the glycocalyx and the IMP distribution correlate closely with the development of the Ca paradox suggests a morphological base for its development. What emerges is that when-ever the Ca paradox can be initiated, both glycocalyx separation and IMP reorientation are present. However, prevention of the manifestations of the paradox, at least under the two conditions we studied, i.e., hypothermia and Cd substitution, only showed a consistent protection for separation of the glycocalyx. This close correlation for the glycocalyx vs. the IMPs may be based on different mechanisms by which hypothermia and Cd substitution occur. Further experimentation is necessary to resolve this point.
A final concern was with structural changes resulting from reperfusion with Ca solutions. The literature contains many descriptions of ultrastructural damage due to reperfusion (Zimmerman et al., 1967; Yates and Dhalla, 1975; Hearse et al., 1978; Singal et al., 1979) . All follow the pattern of damage seen with Ca overload. The sarcolemma is disrupted with actual holes, the mitochondria are polarized to one portion of the cell and many are found in interstitial space, the myofilaments are contracted, and-in one study that included freeze-fracture analysis-aggregation of the IMPs was noted (Ashraf, 1979) . We found aggregation of the IMPs of the P face of the fractured sarcolemma to be a prominent finding upon initiation of the Ca paradox (Fig. 8) . Thus, in addition to reorientation of the IMPs that occurs with Ca-depletion, reperfusion with Ca-containing solution and the ensuing increased intracellular Ca correlates with the aggregation of IMPs.
IMP aggregation has been a finding in the severely anoxic and ischemic myocardium (Ashraf, 1977; Frank, et al., 1980) and in the ischemic kidney (Cole-\ FiCUKt 9. A; Low magnification electron micrograph of Ca-dcpletcd heart reperfused for 5 minutes with Ca-cnntaining solution. This is the P face of the membrane. Note extensive folds in sarcolemma reflecting underlying contraction of myofilaments. TT = transverse tubule, caveolae neck (arrows). 26,340X. B: Same conditions as A shown here on the E face of the reperfused cell. Scalloped appearance of membrane is very obvious. Note numerous vesicles that protrude into face of the membrane (arrows). TT = transverse tubuie. 26,340X. man and Duggan, 1976). One explanation for the marked disruption of the membrane seen in Ca overload situations is that the high intracellular Ca activates endogenous phospholipases which alter the membrane (Chien et al., 1978 (Chien et al., ,1981 . The exposure of cultured myoblasts to phospholipase C has been shown to correlate with the presen IMPs (Langer et al., 1981) . It is pos mechanism is activated as Ca is replaced in the presence of the already compromised sarcolemma.
